Eph-related receptor tyrosine kinases and ligands are expressed at high levels in the developing nervous system, giving rise to the proposal that they are involved in neuronal connection. Cek8 was found to be predominantly expressed on a subset of motoneurons innervating limb but not body muscles during motoneuron axonal growth. Here we show that the ligands RAGS and ELF-1 were expressed in limb buds and that they activated Cek8 when presented in membrane-bound or clustered forms of Fc chimeric proteins but not in unclustered soluble forms. When chick embryonic motoneurons enriched by panning were cultured on clustered forms of RAGS-Fc and ELF-1-Fc, the neurite growth of motoneurons expressing Cek8 was inhibited. Our results show a relationship between receptor phosphorylation and neurite growth inhibition and suggest that Eph-related kinases and ligands have a regulatory effect on the axon growth of motoneurons during development.
Introduction
The guidance of axons to their targets is a highly dynamic process which includes pathway selection (an axon must choose among various substrates along its course to the target), target selection (it must recognize and enter the target area and make contact with the appropriate cells), and address selection (an axon terminal must refine to select a specific subset of cells) (Goodman and Shatz, 1993; Goodman, 1996) . The navigation of the growth cone at the tip of the developing axon is dependent on cues in the environment, among which are both attractive and repulsive molecules. These exert either short-range (cell-cell) or longrange (diffusing gradient) influences in order to establish the precise pattern of neural connections (Tessier-Lavigne, 1994) . While several molecules are candidates for guidance repulsion of retinal ganglion cell axons (Drescher et al., 1995) . In a culture assay of cortical neurons on monolayers of astrocytes, both the soluble forms of Rek7 (rat homolog of Cek7) receptor-IgG and the ligand AL-1 (human homolog of RAGS) could inhibit the fasciculation of cortical axons (Winslow et al., 1995) . Another Eph-related ligand, ELF-I, was first isolated as a ligand for Mek4 (mouse homolog of Cek4) and Sek-1 (mouse homolog of Cek8) in a binding assay, but its affinity to Sek-1 was lower than to Mek4 (Cheng and Flanagan, 1994) . ELF-1 and RAGS and their receptor, Mek4, are expressed in complementary gradients in the tectum and the retina, respectively, and have properties consistent with gradient molecules of the type predicted by the chemoaffinity theory of Sperry (Cheng and Flanagan, 1994; Nakamoto et al., 1996) .
Sek-1 was isolated by reverse transcriptase-polymerase chain reaction (RT-PCR) amplification of cDNA from the hindbrain of a 9.5-day-old embryo, and it was expressed in alternating rhombomeres 3 and 5 Nieto et al., 1992; Becker et al., 1995) . Though the function of Sek-1 itself has not yet been elucidated, other vertebrate homologs have been isolated and roles suggested. Patel et al. (1996) indicated that Cek8 responds to regulatory signals and suggested it plays a role in coordinating responses to signals in the progress zone of early limb buds. The dominant-negative strategy seen in zebra fish and Xenopus embryos indicated a role for Sek-1 in patterning the developing hindbrain and forebrain (Xu et al., 1995 (Xu et al., , 1996 . However, though Sek-1 was studied in an in vitro binding assay with its possible ligand ELF-1 (Gale et al., 1996; Monschau et al., 1997) , the functional interaction of Sek-1 with ELF-1 remained unclear because ELF-1 was not expressed in these areas (Gale et al., 1996; Xu et al., 1996) . In addition, the affinity of ELF-1 for Cek8 is lower than that observed for other receptor-ligand interactions; therefore, it is thought that another ligand(s) may interact with Sek-1.
To isolate the RTKs that specifically regulate the early development of motoneurons, we performed RT-PCR with enriched motoneurons obtained by panning as a biological source . During screening by in situ hybridization, the signal with a cDNA fragment of Cek8 was unique in the spinal cord and, therefore, we cloned a full-length cDNA of Cek8 and examined its early expression in spinal cord and limb bud . The expression of Cek8 on motoneurons begins at E4 just before axonal growth into the limb bud, peaks at E5-E6, and ceases by El4 after the neuron-muscle connection has been established. Cek8 was predominantly expressed on motoneurons in the brachial and lumbar regions innervating limb muscle but not on motoneurons in the thoracic region innervating body muscle. Further, at the lumbosacral (LS) segments 1-3 and 4-8, Cek8 was expressed on the lateral and on the whole lateral motor column, respectively Ohta et al., 1996) . The expression of Cek8 on initial axon outgrowths in the limb bud, as for the murine Nuk (Henkemeyer et al., 1994 ; Cek5 in chick), suggests a role for this RTK in the neuron-muscle connection for specific motoneurons.
In this study, we put forward the possible role of Cek8 in mediating neural interactions with its ligands ELF-1 and RAGS. First, we examine the expression of Eph-related ligands in the limb buds by in situ hybridization. Second, we show that the phosphorylation of Cek8 is induced by membrane-bound or clustered, but not unclustered, soluble forms of Eph-related ligand proteins. Finally, we demonstrate that the neurite outgrowth response of motoneurons is inhibited on clustered ligands but not on soluble ligands or control substrates. These results indicate a relationship between receptor phosphorylation and biological functions in motoneuron neurite growth and point to the involvement of Cek8.
Results

Expression of ELF-1 and RAGS in the leg bud
To obtain information on the route of motoneuron axons in the hind limb, we performed whole-mount immunostaining with MAb CQN, which was used as a neuronal fiber marker (Tanaka et al., 1990) . At stage 24/25 the axons from LS 1-3, and part ofLS 3 and LS 4-8, just begin to enter into the leg bud through the anterior and the posterior plexuses, respectively (Fouvet, 1973) (Fig. 1A,C) . As development proceeded to stage 28/29, the axons which innervate the dorsal limb muscle branch at the middle area, and one group of axon bundles projects anteriorly, and then distally (Fouvet, 1973) (Fig. 1B) . A transverse section of the leg bud reveals that motoneuron axons, which innervate thigh or shank muscles, grow into the leg bud through the anterioror the posterior-medial core mesenchyme (Fig. 1C) . The expression of Eph-related ligands in the limb buds was examined by means of in situ hybridization. In transverse section of the proximal part of the leg bud, RAGS expression was observed strongly in the dorsal-anterior and weakly in the ventral-anterior areas of the leg bud, and there was no detectable expression of it in the anteriorand the posterior-medial areas which motoneuron axons grow into (Fig. IC,D) . ELF-l-expressing cells are more widely located than cells expressing RAGS but the signals were predominantly observed on the areas, where RAGS was expressed (Fig. 1E ). It appears that motoneuron axons grow into the leg bud via the area where the expression of RAGS and ELF-1 is undetectable or very weak.
Phosphorylation of Cek8
As it is clear that a high degree of promiscuity exists within the family of Eph-related receptors and ligands (Brambilla and Klein, 1995; Gale et al., 1996) , we examined whether or not ELF-1 and RAGS activate Cek8 as judged by phosphorylation (Fig. 2) . When CekS, expressed on a stable (E) ELF-1 was more widely expressed than RAGS, but its expression was predominantly observed in the dorsal-anterior and the ventral-anterior areas. Note that motoneuron and DRG axons grew into the hind limb through the area where no expression of ELF-1 and RAGS was detected.
cell line, was stimulated with COS-7 cells expressing m e mbrane-bound ELF-1 or R A G S , it was phosphorylated (left panel). Soluble E L F -1 -F c and R A G S -F c did not induce Cek8 phosphorylation at a concentration of 2 / z g / m l (fight panel), whereas they did when clustered with anti-human Fc antibody even at 660 ng/ml. It is suggested that soluble ELF-1 and R A G S without m e m b r a n e attachment are practically inactive.
The level of Cek8 phosphorylation induced by m e mbrane-bound or clustered ligands was dose-dependent (data not shown). Furthermore, the degree of ligand clustering caused by changing the amount of anti-human Fc antibody also affected Cek8 phosphorylation (data not shown). Though the ligand-Fc chimeric protein itself forms a dimer as confirmed by S D S -P A G E under non-reducing conditions, it could not induce Cek8 phosphorylation. These results suggest that in this case a more c o m p l e x structural arrangement of ligands is necessary to promote receptor activation.
Neurite growth of motoneurons on Eph-related ligands
To test for a repulsive activity of ELF-1 and R A G S on motoneuron neurite growth as shown for retinal ganglion cells (Drescher et al., 1995) . After co-culture with ligands, Cek8 protein was immunoprecipitated and reacted with anti-phosphotyrosine antibody (upper panels) or anti-Cek8 antiserum (lower panels).
enriched by panning (Bloch-Gallego et al., 1991) were cultured on these ligands (Fig. 3) . When motoneurons obtained from the lumbar region, where the majority are strongly Cek8-positive, were cultured on clustered forms of these ligands, they could only extend short neurites, if any (Fig.  3c ,e). When motoneurons from the thoracic region, where Cek8 expression is negative or low, were cultured as above, neurite growth was inhibited on RAGS-Fc (Fig. 3j ), but the motoneurons extended neurites on ELF-1-Fc (Fig. 3h) . The repulsive effect of RAGS-Fc on thoracic motoneurons was dose-dependent and was not detected with a 1:10 dilution of RAGS (data not shown). The outgrowth of neurites was normal for both lumbar and thoracic motoneurons in control experiments in which spotted areas were prepared containing only anti-human Fc antibody or the soluble ligand forms (Fig. 3a,b ,d,f,g,i). Fig. 3k and Fig. 31 show the border regions of the spotted areas containing soluble or clustered RAGS, respectively. While lumbar motoneurons growing on non-spotted area crossed randomly onto soluble RAGS (Fig. 3k) , they did not cross onto clustered RAGS (Fig. 31) . These results suggest that ligand-Fc protein must form clusters in order to exert its inhibitory effect on neurite growth. We also examined whether the inhibitory effect of Ephrelated ligands is specific for motoneurons; the neurite growth of ciliary ganglion cells and sensory neurons of the dorsal root ganglion (DRG), neither of which express Cek8, was not affected (data not shown).
To investigate whether the reduction in neurite length is specific for ligand substrates, we quantified these observations by scoring the number of cells bearing a neurite and measuring the neurite length in each well presented on the substrates as described for Fig. 3 (Fig. 4) . Two-to three-fold fewer lumbar motoneurons grew on clustered than on soluble ELF-1-Fc and RAGS-Fc (Fig. 4a) . The number of thoracic motoneurons that grew on clustered RAGS-Fc was about half that on soluble RAGS-Fc. However, the numbers that grew on clustered ELF-1-Fc did not significantly differ with soluble ELF-1-Fc and anti-human Fc antibody (Fig.  4b) .
The length of the neurites of lumbar motoneurons cultured on clustered ELF-1-Fc and RAGS-Fc was reduced to 62% and 27%, respectively, of the length in cultures using soluble forms (Fig. 4c) . When thoracic motoneurons were cultured as above, neurite growth was also reduced to 42% of that of controls on clustered RAGS-Fc, but the neurite growth in cultures on clustered ELF-1-Fc was unaffected (Fig. 4d) . When the neurite lengths are displayed as a percentage of neurite processes longer than a given length, the distribution curves of both lumbar and thoracic motoneurons cultured on anti-human Fc antibody or soluble ligands overlap (Fig. 4e,f) . However, when the lumbar motoneurons were cultured on clustered ELF-1-Fc and RAGS-Fc, the distribution curve of neurite length shifted toward smaller values. Although the neurite elongation of thoracic motoneurons cultured on clustered RAGS-Fc had also shifted toward smaller values, those cultured on ELF-1-Fc revealed similar distribution curves to controls (Fig. 4f) .
D i s c u s s i o n
Our previous studies showed that Cek8 is predominantly expressed on developing motoneurons at the brachial and lumbar segments of the spinal cord which innervate limb muscles , though the expressions of Cek8/ Sek-1 in motoneurons have been reported Soans et al., 1994) . While the unique expression of Cek8 suggests its involvement in the axonal growth of specific subtypes of motoneurons, the expression of its possible ligands, ELF-1 and RAGS, and the interactions between them have not been examined. Although Donoghue et al. (1996) recently reported that mouse AL-1, the ortholog of chick RAGS, inhibits neurite outgrowth from spinal cord neurons, they did not determine precisely whether they are motoneuron or not, using motoneuron marker molecules. The results presented in this paper indicate that RAGS and ELF-1 activate Cek8, exerting their inhibitory effect on neurite growth of motoneurons enriched by panning (Bloch-Gallego et al., 1991), only when they axe presented in membrane-bound or clustered forms. Thus, we show the close relationship between the signal transduction mediated by receptor phosphorylation and its biological function.
In the present study we found that RAGS inhibited neurite growth of lumbar motoneurons more strongly than ELF-1. The statistical analysis comparing RAGS versus ELF-1 also indicated the significance for the neurite length of lum- bar motoneurons (P < 0.002, unpaired t-test). These results seem to coincide with the fact that Cek8 has higher affinity (ten times more) for RAGS than for ELF-1, as determined by the in vitro binding assay (Monschau et al., 1997) . RAGS also inhibited neurite growth of thoracic motoneurons, whereas ELF-1 did not do so. However, direct statistical comparison between RAGS and ELF-1 demonstrated that the neurite length of thoracic motoneurons cultured on RAGS was not significantly different from that on ELF-1. Though both RAGS and ELF-1 may bind to Cek8 expressed very weakly on thoracic motoneurons , it is likely that RAGS alone can activate it and exert the inhibitory effect on the neurite outgrowth that is significantly different from control culture. We recently examined the expression in the E5 spinal cord of Cek4 and Cek7, to which ELF-1 and RAGS are known to bind (Cheng and Flanagan, 1994; Shao et al., 1995) ; but found them not to be expressed on motoneurons at this stage (Kilpatrick et al., 1996; Iwamasa et al., in preparation) . As Cek4 is predominantly expressed in the cervical and thoracic regions and restricted to motoneurons within the medial motor column the seeded motoneurons were judged to be vital. Scale bar, 65 #m which innervate axial musculature, it is supposed to be involved in the guidance of their axons at stage 29 (Kilpatrick et al., 1996) . However, Cek4 mRNA is also expressed in a part of the lateral motor column innervating limb muscles (Iwarnasa et al., in preparation) and the possible function of Cek4 might not be so simple as proposed by Kilpatrick et al. (1996) . The expression of Cek7 on motoneurons was not observed at this stage through the cord (lwamasa et al., in preparation). Though we cannot exclude the possibility that the other Eph family receptor, which interacts with GPI-anchored type ligands, is expressed on motoneurons at stage 24-25, our observations suggest that the inhibitory effect of ELF-1 and RAGS on the neurite growth of motoneurons at this stage is mediated by Cek8. Cek8 is expressed on the axons of subtypes of motoneurons . This suggests that it may act to control neuronal pathfinding by interacting with its ligands. From the results of this in vitro study and their distribution in vivo (Cheng and Flanagan, 1994; Cheng et al., 1995) , we propose that RAGS and ELF-1 are molecules which function to keep motoneuron axons expressing Cek8 from invad- ing the area which axons never grow into. It is well studied that motoneurons at chicken lumbosacral segments are largely subdivided into two groups (LS 1-3 or LS 3-8), and, at stage 24, they begin to grow into the leg bud through the anterior or posterior plexus, respectively (Fouvet, 1973; Hollyday, 1980) . As the preceding stage, most of motoneurons located at LS 1-3 stop the axonal outgrowth at the area where ELF-1 and RAGS are predominantly expressed, to innervate thigh muscles, whereas some of those at part of LS 3 and LS 4-8 extend their axons distally through the area where the expression of both molecules is not observed or very weak, to innervate shank muscles (Landmesser, 1978; Whitelaw and Hollyday, 1983) . Our results suggest the possibility that both RAGS and ELF-1 interact with Cek8-positive axons to preclude them from invading the areas where the expression of ligands is strong, resulting in facilitation for the growing together of motoneuron axons into the limb bud. Thus, we hypothesize that the inhibitory effect of RAGS and ELF-1 functions as a guidance signal. Cek8 in the leg bud was detected in a distal region at E4 but was repressed in the anterior-distal area and then restricted to the posterior-distal site at E6 Patel et al., 1996) . Patel et al. (1996) demonstrated that the expression of Cek8 was modulated with beads soaked in FGF-2, retinoic acid, or BMP-2 and they suggested that Cek8 has a role in coordinating responses to signals in the progress zone of early limb buds. In this study, we show that ELF-1 but not RAGS is expressed in the distal region of the leg bud. It would be interesting to examine whether the expression of ELF-1 and RAGS is also altered by the above signaling molecules. Though it is unclear which type of cells produce these molecules or whether cells could express both receptor and ligand, these observations suggest that Cek8 is involved in the early morphogenesis of the limb bud by interacting with ELF-1 and RAGS.
An interesting feature of Eph-related ligands is that they can be transmembrane proteins or attached to the cell membrane by a GPI-anchor (Brarnbilla and Klein, 1995; Pandey et al., 1995) . In vitro binding and receptor activation (phosphorylation) studies revealed that they were functionally subdivided into two subclasses for Eph-related receptors which also comprised two corresponding subclasses (Gale et al., 1996) . Our data indicate that binding of ligands to the receptors and the activation of receptors by ligands may be different mechanisms because clustered ligands had an at least 100 times greater potential to phosphorylate receptors than unclustered ligands (Davis et al., 1994) . Although it has not been established why clustering of Fc-ligands is required for activation of their receptors, it is suggested that membrane attachment somehow facilitates dimerization or oligomerization of ligands and subsequent activation of receptor dimers. In any case, the direct cell-cell contact is necessary for a role of Eph receptors in cell-cell interactions rather than in mediating long-range signals (Davis et al., 1994) .
Development of the retinotectal projection and the motoneuron innervation of muscles are the most thoroughly investigated processes in the vertebrate nervous system, and selective axonal guidance is shown to be essential for establishing these systems (Goodman and Shatz, 1993) . While the functions of Eph-related receptors and ligands in the central nervous system are very complex and poorly understood, our results indicate that similar molecular sets of these receptors and ligands are involved in repulsing axonal growth in both the retinotectal projection and muscle innervation.
Experimental procedures
In situ hybridization
The preparation of digoxigenin-labeled RNA probes and the in situ hybridization protocol for whole-mount was carried out essentially as described (Nieto et al., 1996; . An RNA probe of RAGS was prepared from the 0.87 kb eDNA covering the coding region (Drescher et al., 1995) . We independently isolated chick ELF-1 eDNA clones from a XZAP II (Stratagene) library of day 9 brain eDNA with a mouse ELF-1 probe and prepared an RNA probe of chick ELF-1 from the 0.9 kb cDNA of the noncoding region (data not shown).
Immunohistochemistry
The protocols for sections and whole-mount were as described by Ohta et al. (1996) .
Phosphorylation of Cek8
COS-7 cells (3 × 10 6) were transfected with the construct of pCAGGS-ELF-1 or pCAGGS-RAGS by the standard DEAE procedure, cultured for 4 days, detached from dishes, and mixed with 293-Cek8 (3 × 106) in 400 /zl of culture medium (serum-free) for 20 min at 37°C. Immunoprecipitation with anti-Cek8 monoclonal antibody and immunoblotting with rabbit anti-peptide antiserum or mouse antiphosphotyrosine (UBI) were essentially as described . Immunoblotted bands were visualized using horseradish peroxidase-conjugated anti-rabbit or antimouse antibodies and the ECL fluorescence detection system (Amersham) according to the manufacturer's instructions. Fusion proteins consisting of the ectodomains of either ELF-1 (residues 1-178)or RAGS (residues 1-211) were linked to the Fc region of the human immunoglobulin gene . RAGS-Fc or ELF-1-Fc protein was produced by COS-7 cells, and the conditioned medium was added with 1/10 vol. 1 M Tris-HC1 (pH 8.0) and loaded onto a 1 ml protein G-Sepharose column at 4°C. After washing with 20 ml 0.1 M Tris-HC1 (pH 8.0), the ligand was eluted with 0.1 M glycine, 0.1 M NaC1 (pH 2.0). The eluted fractions were immediately neutralized with 1 M Tris-HC1 (pH 9.5) and analyzed by SDS-PAGE on 7.5% gels. The fractions containing the ligands were concentrated and used as unclustered ligands or clustered by an incubation for 1 h at 37°C with anti-human immunoglobulin Fc antiserum (Cappel, 1 /~g/200/zl).
Culture of motoneurons on the Eph-related ligands
Enriched motoneurons from the lumbar or thoracic regions of chick embryos (Hamburger and Hamilton, 1951; stage 24-25) were obtained by panning as described by Bloch-Gallego et al. (1991) , then cultured in Ham's F12 and Dulbecco' s modified Eagle' s medium (1:1) containing 10% horse serum and 5% chick embryonic extract. Culture plates (96 wells) were coated with poly-L-lysine at (15 /zg/ ml) for 30 min at room temperature, then incubated with laminin (20/zg/ml) for at least 2 h in a CO2 incubator. After washing, the wells were dried and 2.5/zl anti-human immunoglobulin Fc polyclonal antiserum (400 ng), soluble ligand-Fc (80 ng), or clustered ligand-Fc was spotted in the center of each well for 2 h at 37°C in a CO2 incubator. Clustered ligands were prepared by incubating soluble ligand-Fc (80 ng) with anti-human immunoglobulin Fc polyclonal antiserum (400 ng) for 1 h at 37°C before spotring. After washing with Ca 2+-and MgZ+-free Hanks' balanced salt solution and culture medium, cells were seeded in the wells at a density of 1 × 103 cells per well and cultured for 24 h.
Quantification of neurite growth
For motoneurons cultured on substrate proteins, the quantitative data were obtained with the region (20% of the total surface area) in the center of the well identified under a phase-contrast microscope. A cell was scored as bearing a neurite if the length of a process was greater than the diameter of the cell body. The lengths of neurites were assessed of Development 64 (1997) [127] [128] [129] [130] [131] [132] [133] [134] [135] by measuring the distance from the edge of the cell body to the tip of the growth cone on the photograph.
